Abstract. The optical pathlength amplification (p factor), induced by multiple scattering in glass-fibre filters used for light absorption measurements of aquatic particles, has been measured by the transmittance-reflectance (T-R) method for algal species with cell diameter in the range from 1 to 5 um. The p factors obtained showed a much lower dispersion than that observed in similar measurements carried out by the standard transmittance method, suggesting that this could be due, at least in part, to the incomplete account of the scattering losses taken by the latter method. An experimental test has verified that the (3 factor expression derived from measurements carried out by the T-R method on an algal culture is also applicable to detrital particles.
Introduction
The light-transmission measurement of particles retained on glass-fibre filters (Yentsch, 1962 ) is now the most frequently used method for determination of the light absorption spectrum of particles sampled from aquatic environments. The measurement is normally performed by dual-beam spectrophotometers, where the light transmitted through the particle-retaining filter is compared with the light transmitted through an unused 'reference' filter. In the following, this procedure is referred to as the 'standard transmittance' method. The experimental raw data are expressed in terms of the dimensionless optical density (OD), also called absorbance, which is equal to the base 10 logarithm of the inverse transmittance. The spectral range in these measurements covers the visible region, and it often extends to the UV and near-IR.
The use of glass-fibre filters offers one major advantage and one major disadvantage. The advantage is that the filtration allows one to concentrate particles that are naturally too dilute to measure with standard spectrophotometers. The disadvantage is that the particles are embedded within a highly scattering medium, which causes an increase in the optical pathlength, resulting in a considerable enhancement of the measured optical density [often referred to as the p factor, following the terminology of Butler (1962) ]. Conversion of the optical density of the filter-retained particles, OD { , to the optical density of the particle suspension with the same geometrical pathlength, OD SUS , is carried out using empirical relationships. The uncertainty of these relationships probably represents the largest error source affecting the light-transmission measurements of particles retained on glass-fibre filters.
Once OD SUS corresponding to a given measured OD f is determined, the volume absorption coefficient of the particle suspension, a (in m" 1 ), is obtained from the equation: a = 2.3 OD S11S /X, where X is the ratio of the filtered volume to the clearance area of the filter, i.e. the geometrical pathlength of the filter-retained particles.
Almost all work done so far on the (OD f , OD sm ) relationship has been based on laboratory experiments with phytoplankton cultures. Averaging results of measurements performed on cultures of species with different cell size, Mitchell (1990) . Other investigators found similar fits, within the anticipated error of the methodology, suggesting the use of a unique expression with varying natural phytoplankton populations (Cleveland and Weidemann, 1993; Arbones et al., 1996) .
However, there is also evidence that the (ODf, OD sm ) relationship may exhibit significant differences when the various species are considered separately. Specifically, Moore et al. (1995) , respectively. This result suggests a dependence of P on particle size, but one must be aware that there are potentially greater errors in measuring optical density for the small prochlorophytes, because their size is similar to the wavelength of visible light so that their volume scattering function will have relatively more scattering at large angles which is not collected by the instrument measuring optics.
In addition to uncertainties associated with the possible natural variability of the (ODf, OD sm ) relationship, there is another obstacle in achieving accurate results with particles that also scatter light significantly. The instruments in use (standard laboratory dual-beam spectrophotometers with integrating-sphere or scattered-transmission accessories) provide a measure of absorption that consists of the true absorption and the fraction of scattered light which is not collected by the measuring optics. If unconnected for, or if corrected for incorrectly, this spurious absorption term (briefly referred to as 'scattering loss') may be an important source of error in the estimates of particulate absorption.
The correction used with the standard transmittance method involves subtraction of a constant value, i.e. the optical density measured in the near-IR (usually 750 nm), from the measured optical density spectrum. This procedure is based on the assumptions that (i) the absorption by particles is zero in the near-IR and (ii) the scattering loss is wavelength independent. Neither assumption is a robust one, because in natural assemblages including detrital particles there may be significant absorption in the near-IR and wavelength-dependent scattering loss.
For determination of the p factor, the correction is applied to both OD f and OD iUS . Because of the less favourable geometry of the experimental set-up (typically 10 mm sample thickness versus the 0.2 mm thickness of the particle-retaining filter), the particle suspension data require a considerably larger correction. The approximate correction for the scattering loss might explain, at least partly, the dispersion of P factors measured for different phytoplankton species.
In order to verify the validity of this assumption, measurements of the p amplification factor have been carried out for phytoplankton with varying cell size, using a recent procedure that performs an accurate correction for light scattering by the particles (Tassan and Ferrari, 1995a) . The present paper illustrates the results of these measurements, as well as of a test carried out to verify whether the p factor yielded by this procedure from measurements carried out on phytoplankton cultures is also applicable to mineral detrital particles.
Method
The main features of the method by Tassan and Ferrari (1995a) are recalled, with emphasis on the procedure for determination of the fJ factor, which has undergone some development after its original formulation. Tassan and Ferrari expanded the standard transmittance method by including additional measurement of the light reflected by the filter-retained particles. This technique is referred to as the 'transmittance-reflectance' (T-R) method. The measurements are carried out using an integrating-sphere attachment to the dual-beam spectrophotometer. The data analysis is performed by a theoretical model that eliminates the effect of light backscattering by the particles. The resolving equations (wavelength dependence omitted) are:
( 1) where a s is the particle sample absorption due to an incident unitary parallel light beam on a single way through, pr and p R are the result of transmittance and reflectance measurement, respectively, T = a s d /a s p (d and p are diffuse and parallel light, respectively) and R { is 'reference' filter reflectance.
The same paper (pp. 1361-1362) presented a new method to cancel pigment absorption, based on the oxidizing action of sodium hypochloride (NaClO), which converts the phytoplankton pigments to chemical compounds with trivial light absorption. In contrast to standard depigmentation by methanol extraction (Kishino et al., 1985) , the procedure using NaClO is applicable both to filterretained and water-suspended particles. This feature of NaClO action permitted the setting up of a technique for determination of the (OD t , OD SUS ) relationship, which performs a rather accurate correction for the so-called scattering loss (p. 1363). Briefly, this technique consists of a series of four optical density measurements: two are carried out by the transmittance-reflectance method on the filter-retained particle sample, before and after removal of pigment absorption by NaClO oxidation, and two are carried out on the particle suspension sample, before and after depigmentation by the same treatment. The geometrical pathJength, X, of the suspension is chosen so as to avoid multiple scattering effects, and the experimental results are normalized to the geometrical pathlength of the filter-retained sample.
Subtraction of the optical density spectra measured before and after depigmentation yields the optical density due to pigment absorption in the suspended and filter-retained particles (OD f and OD SVS ), cancelling out the detritus absorption, as well as the scattering loss. For the particle suspension measurements, cancellation of the scattering loss is complete, provided that its magnitude is not modified appreciably by the NaCIO action. The existence of this condition was verified by Mie computations carried out for a series of particle types with/without the absorption term (i.e. the imaginary part of the refraction index). Such a condition need not be verified for the two measurements on the filterretained particles, which are individually corrected for scattering loss by the T-R method. Thus, the technique yields an (OD { , OD sas ) relationship that depends only on (pigment) absorption, regardless of the scattering loss of the experimental set-up. Measurements performed on samples prepared from a laboratory culture of the freshwater chlorophycean Scenedesmus obliquus yielded the relationship (Tassan and Ferrari, 1995a) :
which was subsequently used with a variety of natural assemblages, including organic and mineral detritus. It must be mentioned that artifacts enhancing the absorption have occasionally been found below 400 nm, in OD iUS spectra of phytoplankton samples treated with NaCIO. These artifacts seem to be mainly caused by water-soluble oxidation products, since they usually disappear in the depigmented filter-retained samples, which are rinsed with water. As a precaution, it is suggested to derive the (OD f , OD sm ) relationship disregarding data below the 440 nm wavelength. This is not a limitation of the procedure, because the (OD f , OD sui ) relationship does not depend on wavelength. To be precise, it must be mentioned that occasionally some wavelength dependence of the p amplification factor has been observed, with different values on the ascending and descending slopes of the absorption peaks [the so-called 'hysteresis effect' in Bricaud and Stramski (1990) ]. However, this effect is not included in the current expressions for the P amplification factor, which are all wavelength independent (Mitchell, 1990; Cleveland and Weidemann, 1993; Axbones et al., 1996) .
Results

fi Factor for phytoplankton particles
The optical density measurements were performed using a Perkin Elmer LAMBDA 19 dual-beam spectrophotometer, equipped with a 60-mm-diameter, barium sulphate-coated integrating-sphere attachment. The unit was operated in the wavelength range from 400 to 750 nm, with 1 nm spectral band width and 1 nm spectral increments. A scheme of the experimental set-up for the measurements carried out in the transmission and reflection modes is shown in Figure 1 of Tassan and Ferrari (1995a) .
The particle suspension sample was contained inside a plane-parallel quartz cell with 10 mm geometrical pathlength. The filter-retained particle sample was obtained by filtration through a 25-mm-diameter GF/F filter (3.47 cm 2 clearance area). The 'references' were cells containing culture water pre-filtered through 0.22 jam Millipore membranes and unused GF/F filters, respectively. Pigment oxidation of filter and suspension samples was achieved by the addition of 5-10 drops of a NaCIO solution (0.17% active chlorine). The particleretaining filter was subsequently rinsed by filtration of pre-filtered culture water. The minimum optical density increase in the suspension sample caused by the NaCIO absorption was balanced by also adding NaCIO to the 'reference' cell.
Measurements were performed on samples prepared from laboratory cultures of Prochlorocystis hollandica, Synechococcus sp. and Emiliania huxleyi, with mean cell diameter about 1,2 and 5 um, respectively. This choice was made so as to span the size range where significant variations in the (3 factor were observed previously. Emiliania huxleyi is a very particular case, because of the presence of the mineral (CaCC^) coccoliths.
Plots of OD sm (k) versus OD£k) (\ > 440 nm) for the three species measured are displayed in Figure 1 A. The difference between the plots is small. There is no evidence of an increase in 3 factor with decreasing cell size (actually the 1 um P.hollandica exhibits a slightly lower 3 than the 2 um Synechococcus sp.). In addition, these plots overlap with the plot expressing the (OD t , OD SUi ) relationship measured for S.obliquus with mean cell diameter -4 um [equation (3)], which is displayed by the solid line. Despite light scattering by the coccoliths, the plot for E.huxleyi also conforms very closely to that for S.obliquus. Altogether, there is evidence that a unique equation [i.e. equation (3)] is adequate to express the 3 factor for all these phytoplankton cells, with varying cell size and scattering properties.
On the contrary, the plots of OD sm (k) versus OD { (\) obtained interpreting the measurements by the standard transmittance method show significant dependence on the phytoplankton species ( Figure IB) . For instance, at OD ( = 0.3, OD SUS is -35% higher for Synechococcus sp. than for P.hollandica. In addition, all plots are considerably below the curve expressing the 3 factor measured by the standard transmittance method for the S.obliquus culture [equation (17) in Tassan and Ferrari (1995a) ] which is displayed in the figure by the solid line. This evidence is coherent with the results of Moore et al. (1995) , who measured (at OD { = 0.3) OD SUS values for Synechococcus WH8103 and for P.marinus ~1.35 and 1.95 times lower, respectively, than the value predicted by the 3 factor proposed for general use by Mitchell (1990) .
)3 Factor for detrital particles
The T-R procedure for determination of the (ODf, OD iUS ) relationship outlined in the previous section is obviously not applicable to detrital particles. The standard procedure based on transmittance measurements also applies to detrital particles, but the approximate correction for scattering loss, consisting of subtracting the optical density value measured in the IR, may be inadequate, since the two assumptions on which it is based (no absorption in the IR and wavelength-independent scattering loss) are likely to fail with detritus. It is normal practice to convert to OD SUS the OD { spectra measured for detritus using 3 factor expressions derived from measurements carried out on phytoplankton cultures.
In this subsection, we present the results of a test showing that the (OD f , OD SUS ) relationship yielded by the 'transmittance-reflectance' method for an S.obliquus culture [equation (3)] is also valid for detritus, including mineral particles characterized by strong light backscattering (Gallie and Murtha, 1992; Tassan and Ferrari, 1995b) . As already mentioned, the measured optical density of the particle suspension consists of a term due to absorption and a term (the so-called 'scattering loss') due to the fact that light is backscattered and forward scattered outside the reception angle of the sensor (of the sphere entrance port, in the present experimental configuration). The last term depends on the shape of the volume scattering phase function, which is generally modelled as being wavelength independent. If the optical density of the suspension due to absorption is estimated from the measured OD f via equation (3) (= OD slisf ), and subtracted from the measured OD SUSJ M> one discriminates the optical density term corresponding to the scattering loss, OD susSC .
If the particle suspension sample is placed further from the entrance port of the integrating sphere: (i) light absorption obviously remains constant and (ii) OD sus sc increases (since the acceptance angle of the port is reduced), but its wavelength dependence does not change, provided that the wavelength independence of the scattering phase function is a close approximation to reality. In this case, if one performs measurements at varying distance from the sphere port and observes that the shape of the OD susSC Q^) spectrum does not change, this means that equation (3) This criterion was applied to measurements carried out on several samples of pure detrital particles. Figures 2-4 show results relative to water samples collected from the River Toce, which flows from the western Alps into Lake Maggiore through an area with prevailing crystalline rocks. The particle suspension consisted almost exclusively of mineral detritus, as shown by standard measurements of the chlorophyll concentration and of the organic carbon fraction.
The validity of the assumption of independence from wavelength of the detritus scattering phase function in the specific case was tested by Mie computations, carried out for the two extreme wavelengths of 400 and 600 nm. The real part of the particle relative refractive index was taken to equal 1.1, corresponding to the high quartz content of the detritus. The imaginary part was chosen so as to obtain the experimental ratio of scattering to absorption from the 400 nm computation, and set to zero for the computation at 600 nm where absorption is minimal). The exponent of the Junge distribution of particle sizes and the minimum and maximum values for diameters were determined from the results of Coulter Counter measurements. The scattering phase function generated by the Mie computation was integrated between 180° and the reception angle of the sphere port corresponding to the sample distance from the port. The results of the computation carried out for zero and maximum distance yielded a 10% larger increase in OD susSC with distance at 600 nm than at 400 nm, corresponding to a 10% reduction of the slope of the ODsusjscQ*) spectrum at maximum distance. This effect is not significant when compared to the experimental error, as well as to the sensitivity of the test (see following Figures 3 and 4) . The instrumentation used for the optical density measurements was that previously described. The natural particle concentration was increased -100-fold by filtration through 0.22 um Millipore membranes and resuspension of the deposit. The cell containing the particle suspension was placed at varying distance from one entrance port of the integrating sphere; an identical cell, filled with distilled water, was placed against the other entrance port of the sphere (also at varying distance, matched to the distance of the sample). The sphere exit ports were closed by reflecting plates. Particle sedimentation was avoided by agitation before each measurement. The suspension was subsequently filtered through a GF/F glass-fibre filter, and the optical density of the filter-retained particles was measured by the 'transmittance-reflectance' method.
The measured optical density spectrum of the filter-retained particles, OD^k), was converted by equation (3) to the corresponding particle suspension optical density, OD sus j(\), and subtracted from the measured particle suspension optical density, OD SUS>M (\), to yield the suspension spurious optical density due to light scattering by the particles, OD SUSiSC (k)-Smoothed plots of the OD iUsM (\), OD SUS f(X), and OD sus^c (k) spectra of the particle suspension sample, measured with the cell placed directly against the sphere port, are shown in Figure 2 (thick, medium and thin solid line). The OD iUS j(\) and OD susSC (\) spectra are approximated by power functions, with exponent n = -3.6 and n = -0.56, respectively. Figure 3 shows the O£) susSC (X) spectra measured at the extremes of the cell distance range (0 and 20 mm, thick and thin line, respectively), corresponding to a 4-fold variation in OD sm sc . In order to facilitate the comparison of the spectral shapes, the data are normalized to unity at the 400 run wavelength. The two spectra overlap within the experimental error band estimated for the T-R method (Tassan and Ferrari, 1995a) , suggesting that equation (3) yields an accurate estimate of the true OD SUS value.
The sensitivity of the test was verified by computing the effect of ±5% and ±10% variations in the OD im4 values given by equation (3) on the spectra of Figure 4 shows how a 10% increase of OD sm j(\) modifies the OD SUS £ C (\) plots. This exercise indicated that the test is sensitive to a 5% error in OD sus{ . Performing the same test on other water samples containing different detritus types, it was observed that the error resulting from the use of equation (3) never exceeded the ±10% band.
Conclusions
Comparison of the plots of Figure 1A and B seems to indicate that the (OD f , OD sm ) relationship yielded by the transmittance-reflectance method is more 'stable' than that obtained by the standard transmittance method. This evidence suggests that the dispersion of the p factor plots with varying phytoplankton cell size, observed when using the standard transmittance method, might be explained, at least in part, by an incomplete account of the scattering loss.
Of course, this result does not rule out the possibility that amplification of the p factor does occur with some picoplankton species. If further studies prove that this phenomenon has a practical impact, it may become essential, for accurate work, to determine the (OD[, OD SUS ) relationship for each experimental campaign covering a specific water type. This implies the requirement to measure natural phytoplankton samples that may contain large amounts of detritus of both organic and mineral nature (e.g. in coastal waters). The standard transmittance method is not adequate for this application, because of the possible failure of its approximate procedure to correct for the scattering loss. On the contrary, the transmittance-reflectance method is specifically suited to treat these situations, characterized by strong scattering and significant, or even large, absorption in the IR.
The test outlined in the second part of the previous section has shown that the (OD { , OD SUS ) relationship measured by the transmittance-reflectance method for S.obliquus [equation (3)] applies to a variety of detrital particles. The same test can be performed to verify whether the 3 factor measured for a particular natural phytoplankton assemblage applies to the detritus included in it. If the test gives a negative response, one can set up an iterative routine, based on the same model, that yields the numerical values of the (OD t , OD SUS ) expression suited to the specific detritus type.
On the whole, the results presented give additional evidence of the versatility of the transmittance-reflectance method for light absorption measurements of aquatic particulates retained on filters, which permits the handling of situations where the standard transmittance method may show some shortcomings.
